The product of a kanamycin resistance gene encoded by plasmid pTB913 isolated from a thermophilic bacillus was identified as a kanamycin nucleotidyltransferase which is similar to that encoded by plasmid pUBllO from a mesophile, Staphylococcus aureus. The enzyme encoded by pTB913 was more thermostable than that encoded by pUBllO. In view of a close resemblance of restriction endonuclease cleavage maps around the Bglll site in the structural genes of both enzymes, ca. 1,200 base pairs were sequenced, followed by aminoterminal amino acid sequencing of the enzyme. The two nucleotide sequences were found to be identical to each other except for only one base in the midst of the structural gene. Each structural gene, initiating from a GUG codon as methionine, was composed of 759 base pairs and 253 amino acid residues (molecular weight, ca. 29,000). The sole difference was transversion from a cytosine (pUBllO) to an adenine (pTB913) at a position +389, counting the first base of the initiation codon as +1. That is, a threonine at position 130 for the pUBllOcoded kanamycin nucleotidyltransferase was replaced by a lysine for the pTB913-coded enzyme. The difference in thermostability between the two enzymes caused by a single amino acid replacement is discussed in light of electrostatic effects. Recent studies have revealed that the thermostability of a protein could be achieved solely by a single amino acid substitution without any significant change of the threedimensional protein structure (5, 29) . This finding suggests the possibility of enhancing the thermostability of an enzyme, for example, by selectively changing one or more amino acid residues in the enzyme via genetic manipulations such as base substitutions (25) or the use of synthetic oligonucleotides (15).
The product of a kanamycin resistance gene encoded by plasmid pTB913 isolated from a thermophilic bacillus was identified as a kanamycin nucleotidyltransferase which is similar to that encoded by plasmid pUBllO from a mesophile, Staphylococcus aureus. The enzyme encoded by pTB913 was more thermostable than that encoded by pUBllO. In view of a close resemblance of restriction endonuclease cleavage maps around the Bglll site in the structural genes of both enzymes, ca. 1,200 base pairs were sequenced, followed by aminoterminal amino acid sequencing of the enzyme. The two nucleotide sequences were found to be identical to each other except for only one base in the midst of the structural gene. Each structural gene, initiating from a GUG codon as methionine, was composed of 759 base pairs and 253 amino acid residues (molecular weight, ca. 29,000). The sole difference was transversion from a cytosine (pUBllO) to an adenine (pTB913) at a position +389, counting the first base of the initiation codon as +1. That is, a threonine at position 130 for the pUBllOcoded kanamycin nucleotidyltransferase was replaced by a lysine for the pTB913-coded enzyme. The difference in thermostability between the two enzymes caused by a single amino acid replacement is discussed in light of electrostatic effects.
It is well known that enzymes from thermophilic origins are generally more stable against heat, pH, organic solvents, and chemical denaturants. The stable characteristics of thermophilic enzymes are stimulating not only for biochemical and enzymatic studies but also useful for industrial applications. Various approaches to disclose the nature of thermostable proteins have been made by many workers (2, 22) , but no definite conclusion on the cause and effect of thermostability has been reached yet.
Recent studies have revealed that the thermostability of a protein could be achieved solely by a single amino acid substitution without any significant change of the threedimensional protein structure (5, 29) . This finding suggests the possibility of enhancing the thermostability of an enzyme, for example, by selectively changing one or more amino acid residues in the enzyme via genetic manipulations such as base substitutions (25) or the use of synthetic oligonucleotides (15) .
A kanamycin nucleotidyltransferase is encoded by a plasmid pUB110 (24) , originally isolated in England from S. aureus, a mesophile (13) . We have isolated separately from a thermophilic bacillus another plasmid, pTB19, which conferred kanamycin and tetracycline resistance (Kmr Tcr) on Bacillus stearothermophilus (7) . The thermophile, once it has been transformed by pUB110, is not able to grow in Lbroth containing kanamycin at temperatures above 55°C, whereas the same host cells transformed by pTB19 can grow at temperatures up to 65°C under the same culture conditions (8) .
Whatever the kanamycin-inactivating enzyme encoded by pTB19 may be, the above observation gave rise to a surmise that the enzyme thermostability would differ between pTB19 and pUB110. Hence, the kanamycin-inactivating enzyme encoded by pTB913, a derivative of pTB19 (9), had to be identified at the beginnning of this work. We identified a * Corresponding author.
product of the kanamycin resistance gene (kan) encoded by pTB913 as kanamycin nucleotidyltransferase and confirmed that the enzyme from pTB913 was more stable than that from pUB110 (see below).
Despite the widespread use of pUB110 as a cloning vector, the kan gene structure of pUB110 still remains to be elucidated. The purpose of this work is to determine the nucleotide sequence of the kan genes of both pUB110 and pTB913 and to discuss the difference of thermostability between these two enzymes.
MATERIALS AND METHODS Bacterial strains and plasmids. Bacillus subtilis M1113 (arg-15 trpC2 rM-mM-) (7) and B. stearothermophilus CU21 (8) were used as the host cells of plasmids. The plasmids used were pUB110 (molecular weight; 3.0 megadaltons
[Md]; Kmr) from S. aureus (13) and pTB913 (2.9 Md; Kmr) (9), a deletion plasmid of pTB19 (Kmr Tcr; 17.2 Md) which is originally isolated from a thermophilic bacillus (7) . Both plasmids pUB110 and pTB913 can be transferred into B. subtilis M1113 and B. stearothermophilus CU21 (8, 9) , respectively, and the host cells carrying either pUB110 or pTB913 were used throughout this study.
Medium. L-broth containing 10 g of tryptone (Difco Laboratories, Detroit, Mich.), 5 (3), respectively. The procedure was exactly the same as mentioned above in the assay of nucleotidyltransferase, except for components of each reaction mixture and the reaction condition (3, 21) .
Purification of kanamycin nucleotidyltransferase. B. subtilis M1113 carrying either pUB110 or pTB913 was used as the enzyme source. The purification procedure of the enzyme was essentially the same as described by Sadaie et al. (24) .
The bacteria grown up to a late-log phase in 50 liters of Lbroth containing 5 (14) was used for the analysis of kanamycin nucleotidyltransferase at 12% acrylamide concentration. Molecular weight standards used were cytochrome c oligomers (Oriental Yeast Co., Osaka, Japan) and trypsin inhibitor (Boehringer Mannheim GmbH, Mannheim, Federal Republic of Germany).
Amino acid composition and amino-terminal amino acid sequence. The amino acid composition of kanamycin nucleotidyltransferase was analyzed by hydrolysis at 110°C for 24 h with 4-N-methanesulfonic acid containing 0.2% 3-(2-aminoethyl)indole by the method of Simpson et al. (26) . The hydrolysate was analyzed with an amino acid analyzer (835-S; Hitachi Works, Tokyo).
A partial amino-terminal, amino acid sequence of kanamycin nucleotidyltransferase was determined manually by the Edman degradation (1) . Ether extracts from each cycle of the degradation were dried in a stream of nitrogen, and the phenylthiohydantoin-amino acid was determined by highperformance liquid chromatography with a Microsorb C18 column (Rainin Instrument Co., Inc., Emeryville, Calif.).
Preparation of plasmid DNA. The plasmids were prepared from B. subtilis MI113 carrying pUB110 or pTB913 by the cleared-lysate method of Niaudet and Ehrlich (20) , followed by cesium chloride-ethidium bromide equilibrium density gradient centrifugation.
Molecular size determination of DNA fragment. Molecular sizes of DNA fragments of pUB110 and pTB913 were determined by either 1% agarose or 5% polyacrylamide gel electrophoresis (17) (Boston, Mass.). All other chemicals used were of the reagent grade and were purchased from Wako Pure Chemical Industries (Osaka, Japan). RESULTS Restriction endonuclease mapping of plasmids pUBIIO and pTB913. The plasmid pUB110, which confers resistance to kanamycin, has single cleavage sites for the restriction endonucleases EcoRI, Ba,nHI, and BglII, and this antibiotic resistance marker is subjected to an insertional inactivation at the BglII site (6) . This characteristic indicates that a kanamycin inactivation enzyme. kanamycin nucleotidyltransferase (24) , is encoded around the BglII site of pUB110.
Referring to the above findings and the endonuclease cleavage sites of pUB110 (10, 27) , we constructed anew the cleavage maps of both pTB913 and pUB110 by either single or double endonuclease digestions, and we compared the maps. Particular attention was given to the area around the BglII site. As shown in Fig. 1 Fig. 4 ). The close resemblance of the cleavage maps around the BgllI site between the two plasmids implies that the kanamycin resistance gene in pTB913 would be located in proximity of the BglII site, suggesting also that the gene product might be kanamycin nucleotidyltransferase as in pUB110.
Identification of kanamycin-inactivating enzyme encoded by pTB913. The crude extract of B. subtilis M1113 carrying pTB913 was examined for activities of three kanamycin modification enzymes, i.e., nucleotidyltransferase, phosphotransferase, and acetyltransferase. As a control, the assays were also performed with an extract of B. siubtilis M1113 carrying pUB110.
The results (Table 1) showed that only the nucleotidyltransferase activity was increased in the extract of cells carrying pTB913, whereas the phosphotransferase and acetyltransferase activities did not differ between cells with and without the plasmid. Consequently, it was concluded that kanamycin resistance gene of pTB913 codes for kanamycin nucleotidyltransferase as pUB110 does.
Comparison of thermostability of the enzymes. Both plasmids pUB110 and pTB913 can be transferred into a thermophile, B. stearothermophiliis CU21 (8, 9) . As has already been mentioned, owing to the difference in the maximum temperature for the growth of transformants either harboring pUB110 or harboring pTB19, from which pTB913 was derived, kanamycin nucleotidyltransferase encoded by pTB913 was deemed to be more thermostable than that encoded by pUB110. (Fig. 2 , lane E) were used. Remaining activity after heating at 50°C (solid lines) or 55°C (broken lines) was expressed as the percent of original activity.
Before examination of the thermostability of kanamycin nucleotidyltransferase, the enzymes from both pUB110 and pTB913 were purified as described in above. Figure 2 shows the protocol of purification for the enzyme from pUB110. About 80-fold purification for the enzyme of pUB110 was attained with a yield of 20o after gel filtration (Fig. 2 , lane E). Almost the same protocol was used for the enzyme from pTB913 (data not shown).
Small test tubes containing 100 ,ul of the enzyme solution (ca. 0.5 mg of protein per ml) in buffer N were incubated at either 50 or 55°C. At the various times (minutes) indicated, one of the test tubes was taken out and cooled quickly in ice water, followed by centrifugation (3,000 x g, 5 min). The remaining activity in the supernatant was assayed. The results shown in Fig. 3 justify the previous argument that kanamycin nucleotidyltransferase from pTB913 is more thermostable than that from pUB110.
Nucleotide sequence of kanamycin-resistance determinants. The strategy of the nucleotide sequencing for the kan gene region (ca. 1,200 base pairs [bp]) of both pUB110 and pTB913 is shown in Fig. 4 . The endonuclease cleavage sites by Sau96I and FokI are described additionally in the figure (also see Fig. 1 ). The sequencing was done on both strands, and all restriction sites were overlapped. The result of the nucleotide sequencing is shown in Fig. 5 .
To correlate the DNA sequence data with the structure of kanamycin nucleotidyltransferase, the amino-terminal, amino acid sequence of the enzyme was determined through seven cycles of the Edman degradation procedure (1) by using the enzyme purified to homogeneity (Fig. 2, lane F for  pUB110) . The first seven amino acids were Met-Asn-GlyPro-Ile-Ile-Met for both enzymes (data not shown). The sequence of the seven amino acids completely matched that deduced from the nucleotide sequence only when GTG was taken as the initiation codon at position + 1 (Fig. 5) . The above result that GTG functioned as the initiation codon in this study is significant.
Starting from the GTG codon (nucleotide + 1 to + 3, methionine) and ending a TTT (+757 to +759, phenylalanine), the single open reading frame comprised 759 nucleotides (Fig. 5) . The deduced amino acid sequence for the 253 amino acid residues of kanamycin nucleotidyltransferase from pUB110 is also given in Fig. 5 . At 12 bases upstream from the GTG codon, there was a 11-base sequence AAAGGGAATGA (-16 to -6) which exhibits complementarity with 3' end of B. subtilis 16S rRNA, HO-UCUUUC CUCCACUAG- (16, 19) . The free energy of formation of the most stable, double-helical Shine-Dalgarno pairing (28) was calculated as -13.0 kcal/mol. A range of free energies (-11.6 to -21.0 kcal/mol) has been reported for the ShineDalgarno interactions present in initiation sites recognized by B. subtilis 16S rRNA (16) . Accordingly, this 11-base sequence could serve as a ribosome binding site for the translation of kanamycin nucleotidyltransferase. Two putative promoters (-35 region and the Pribnow box) are shown in Fig. 5 ; one is TTGAAGATTAGATGCTATAATTGTTAT TAA (-147 to -118) and the other TTGAAGGATGCTTAG GAAGACGAGTTATTAA (-112 to -82). However, these two putative promoters were somewhat different from the consensus sequence for the TTGACA of the -35 region and the TATAAT of the Pribnow box in B. subtilis (19) . The distance between the TTGAAG of the -35 region and the TATTAA of the Pribnow box was 18 or 19 bp; it appeared to be slightly longer than the consensus distance of 17 bp in B. siubtilis (19) .
It was confirmed that the whole nucleotide sequence (Fig.  5) was identical between both determinants of pUB110 and pTB913 except for only one base. Namely, cytosine at position +389 in the midst of the structural gene in pUB110 was replaced by adenine in pTB913 (Fig. 5) , or a threonine at position 130 (Thr-130) for the pUB110-coded kanamycin nucleotidyltransferase was replaced by a lysine at the same position in the pTB913-coded enzyme. The results pointed out that a single, amino acid substitution could have caused the difference in thermostability between the two enzymes.
Amino acid analyses of enzymes. Amino acid compositions of both enzymes (Table 2 ) agreed with those assessed from the nucleotide sequence except for some differences in tryptophan, cystein, and isoleucine. The former two amino acids are known to be unstable during the hydrolysis, whereas the discrepancy with the latter could be explained by low recovery of the amino acid, owing to resistance against hydrolysis (26) . The molecular weights of the enzymes from pUB110 and pTB913 were calculated from the nucleotide sequence as 28,796 and 28,823, respectively. These values are consistent with the molecular weight (about 30,000) estimated from sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 3) . That the amino acid compositions and the molecular weights of the kanamycin nucleotidyltransferases agreed with those deduced from the respective nucleotide sequences may support the structure of the kan gene as determined in this work.
DISCUSSION
The source of plasmid pTB913 (Kmr, 2.9 Md) used in this work definitely differs from that of pUB110 (Kmr, 3.0 Md); i.e., the former is a derivative of the plasmid pTB19 (Km' Tcr, 17.2 Md) (9) which has been isolated from an antibioticresistant thermophilic bacillus in Japan (7), whereas the latter was isolated in England from a mesophile, S. aureus VOL. 160. 1984 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from further studies not only on the transfer of plasmids but also on the artificial enhancement of thermostability of an enzyme in question.
The nucleotide sequencing revealed that GUG was the initiation codon for the kanamycin nucleotidyltransferase encoded by both plasmids pUB110 and pTB913 for grampositive bacteria. According to the recent review by Gold et al. (4) on translational initiation in procaryotes, 119 of 123 initiation sequences in Escherichia coli have AUG as the initiation codon, whereas the other 4 are GUG. In grampositive bacteria, spoVG and 0.3 Kb genes of Bacillus spp. (19) , subtilisin genes of Bacillus amyloliquefaciens (30) and B. subtilis (31) , and the tox-228 gene of Corynebacterium diphtheriae (11) have GUG as the initiation codon. The finding that GUG functioned as the initiation codon of the kan gene in both pUB110 and pTB913 may be of significance for studying further the role of GUG, especially in grampositive bacteria, because data on the initiation codon in procaryotes referred to earlier demonstrated a striking bias in favor of AUG despite nearly the same functionings of both AUG and GUG in binding experiments with fMet-tRNA in vitro (4) .
A distinct enhancement of the thermostability of kanamycin nucleotidyltransferase was ascribed here to the replacement of Thr-130 by lysine among the 253 amino acid residues of the enzyme. Indeed, the observation that the subtle change of a single amino acid residue stabilized the enzyme deserved particular attention, even though the enzymes studied in this work were isolated from natural environments and were not subjected to any artificial mutagenesis. Conversely, if subjected to mutagenesis such that a single replacement in the amino acid sequence of a given enzyme occurs, it may be possible to create more thermostable enzymes (29) . Since the net free energy of stabilization is small for a protein which rests on a delicate balance between stabilizing and destabilizing forces (5, 23) , it may be inferred that thermostability of a protein can be affected even by a slight change in hydrophobic interactions, hydrogen bonds, or electrostatic interactions, etc., among the amino acid residues that constitute the protein. Although we have no concrete evidence tojudge what kind of forces have contributed to the stabilization of this enzyme, we tried to interpret the enhanced thermostability solely on the basis of the change of net charge, since the lysine of pTB913 is a positively charged amino acid, whereas the threonine of pUBIIO is an uncharged amino acid. Figure 6 shows the hydropathic character of kanamycin nucleotidyltransferase from pTB913 as assessed by the method of Kyte and Doolitle (12) , wherein the hydrophobicity and hydrophilicity of the enzyme are evaluated by a moving segment of nine amino acid residues along the sequence. The jutting portions above the broken line in the figure denote strongly hydrophobic segments and interior regions of the enzyme, whereas by contrast, those projected below the line designate strongly hydrophilic segments and the exterior. Lysine at position 130 (Lys-130) (pTB913) in Fig. 6 was located between the exterior and the interior regions (the protein surface). This means that the Lys-130 on the protein surface could acquire an additional and effective electrostatic interaction (salt bridge) with any neighboring negatively charged amino acid, such as glutamic acid and aspartic acid, without any significant change of three-dimensional protein structure. If the lysine were located at the exterior region of the protein, this positively charged amino acid would not form an effective salt bridge with another negatively charged one because of the existence of a large amount of water surrounding the amino acid.
It has been pointed out that enzymes of thermophilic bacteria often owe their extra stability to additional salt bridges (22, 23) . For instance, the thermostability of B. stearothermophillus glyceraldehyde phosphate dehydrogenase was attributed to the salt bridges between the four subunits which the enzyme from the mesophile lacked (23) . Further, the increased stabilities of ferredoxins from thermophilic bacteria such as Clostridiium thermosaccharolyticum are reported to have arisen from additional salt bridges gained by replacements of a few amino acid residues (22) . Hence, the effective salt bridge that would be formed by the Lys-130 (pTB913) in place of the Thr-130 (pUB110) on the protein surface would account for the difference in thermostability between these two kanamycin nucleotidyltransferases.
